Coherent far-IR radiation is observed upon the generation of dense laser-driven plasma in a solid copper target. The coherent radiation demonstrates a strong half-cycle-pulse nature with temporal dynamics as fast as 150 fs. Comparisons between the data and radiation models are discussed. This measurement demonstrates a new method of performing ultrafast laser-plasma diagnostics in solid targets.
The application of strong-field optical pulses ͑Ͼ10 14 W/cm 2 ͒ onto a solid target will generate a hot dense plasma capable of producing highly relativistic particles and high-energy photons [1] [2] [3] [4] [5] [6] . Understanding the ultrafast dynamics of the plasma is critical for optimizing these extreme processes. These dynamics are typically studied through the emission of hard x-ray radiation that is generated through the rapid acceleration of electrons within the plasma [3] [4] [5] [6] . The spectral content of this radiation is related to the electron energy distribution within the plasma, providing a means for measuring the plasma dynamics. Subpicosecond measurements of x-ray radiation typically rely on inefficient streak camera measurements [7, 8] , making temporal diagnostics of the laser driven plasma difficult. Fortunately, the dense plasma is capable of generating radiation throughout the electromagnetic spectrum providing an alternate means of plasma diagnostics. In particular, the extreme low-frequency end of the electromagnetic spectrum (e.g., terahertz) can provide a direct means of measuring the electron dynamics within the laser generated plasma.
Coherent terahertz radiation is generated through the rapid (subpicosecond) acceleration of charged particles. This acceleration is typically driven by either coherent nonlinear optical means (e.g., optical rectification) [9, 10] or the rapid application of a bias field to free charges (e.g., photoconductive switch) [10] [11] [12] . As the radiated field is dictated by the dynamics of the charged particles, measuring the amplitude and phase of the radiated terahertz field from a plasma provides a means to directly measure the electron dynamics within the complex system.
It has been demonstrated that laser-driven plasmas in gases can generate ultrafast coherent terahertz radiation [13, 14] . This radiation is mediated through the coherent interactions of the optical fields within the generated plasma with frequency components as large as the driving laser bandwidth [14] .
Laser-driven plasmas in solid targets have also been shown to create far-IR radiation [15] [16] [17] . It has been shown that the central frequency of this radiation is ϳ200 GHz, making it unlikely that the generation mechanism is related to coherent optical interactions within the target. Two generation mechanisms have been proposed: the pondermotive acceleration of charges within the laser-driven plasma [15, 16, 18] and the generation of a laserdriven photocurrent within the solid target [17] . However, the only evidence for either of these models was through quasi-static measurements, providing only indirect evidence for the temporal dynamics within the plasma. Directly measuring the amplitude and phase of the far-IR field can probe the temporal dynamics within the plasma and thus provide evidence for the generation mechanism. In this Letter we observe, for the first time to our knowledge, the emission of coherent far-IR emission from a laserdriven plasma generated in a solid target.
The experimental setup is a standard time-domain free-space electro-optical sampling experiment [19] (see Fig. 1 ). The ultrafast plasma is generated on a bare copper wire by a 2 mJ, 40 fs, 800 nm optical pulse at a repetition rate of 1 kHz (Spectra-Physics Spitfire XP). The optical radiation was focused onto the target using a glass lens ͑f / # =15͒ at an incident angle of ϳ20°to the surface normal. The measured optical prepulse contrast is ϳ10 −3 . Microscope images of the copper wire after laser exposure indicate that the plasma was approximately 40 m in diam- eter, much smaller than the radius of curvature of the copper wire ͑28 AWG͒, and thus we assume that the surface is locally flat. To ensure that each laser interaction illuminated an undamaged copper surface, the wire was translated at a linear velocity of ϳ2.5 cm/ s. To protect the optics from the ejection of copper debris from the dense plasma, an ϳ100 m plastic film (transparent to both optical and far-IR radiation) was placed in front of the copper wire. To eliminate far-IR spectral/temporal distortions due to water vapor absorption [20] as well as optical nonlinearities near the optical focus (e.g., self-phasemodulation), the entire copper wire assembly and electro-optic sampling setup were housed in a vacuum chamber maintained at Ͻ1 Torr. To control the optical pump energy, a series of glass neutral density filters were used and the optical energy was measured prior to the vacuum chamber, neglecting reflection losses from the fused silica vacuum port and plastic film.
The coherent far-IR radiation was measured using free-space electro-optic sampling in a 1-mm-thick ͗110͘ ZnTe crystal. Electro-optic sampling utilizes the electro-optic effect to directly measure the amplitude and phase of coherent far-IR radiation. In the limit that an optical probe pulse is short compared to the far-IR oscillation period, and that the group-velocity mismatch between the IR field and the optical pulse is small, a far-IR field will produce a transient optical birefringence in an electro-optic crystal. The birefringence produced by the far-IR field on an optical pulse is proportional to the amplitude of the far-IR field along the electro-optic axis, the electro-optic response of the crystal, and the thickness of the crystal [19, 21] . Measuring the amount of polarization rotation of an optical pulse at different relative time delays reveals the amplitude and phase of the propagating far-IR field. For the 1-mm-thick ͗110͘ ZnTe crystal, the frequency response of the measurement ranges from 0 -2.5 THz.
The ZnTe crystal was placed ϳ15 cm from the wire target at an angle of ϳ40°from the incident pump laser. To maintain the extreme low-frequency components of the IR field, the radiated far-IR emission was not focused or collimated into the ZnTe crystal. The far-IR field and weak optical probe pulse were spatially overlapped using a 500-m-thick single crystal silicon wafer as a dichroic beam splitter. The high index of refraction for far-IR radiation in silicon ͑n ϳ 3.5͒ results in only 50% of the far-IR field to be transmitted as well as multiple reflections within the wafer. These multiple reflections limit the maximum usable time delay to 12 ps. Rough optical timing between the IR field and optical probe was determined by an the optical autocorrelation between the probe pulse and reflected optical light from the surface of the copper wire and taking into account the additional optical path length introduced by the silicon. The absolute "zero" time delay was defined as the initial rise in the electro-optic signal. After the ZnTe crystal, the optical probe beam exits the vacuum chamber and enters a quarter-wave plate/polarizer pair prior to detection by an optical photodiode. To help isolate the electro-optic signal, the pump pulse was chopped at 500 Hz using an optical chopper synchronized to the first subharmonic of the laser repetition rate, and the signal from the optical photodiode was sent to a lock-in amplifier. To improve the signal to noise, ten consecutive temporal scans were averaged together resulting in changes in optical power as small as 10 −4 to be observed. Figure 2(a) shows the electro-optic signal from the copper wire at an optical excitation energy of 2 mJ. Immediately after laser excitation, the far-IR field increases rapidly ͑Ͻ800 fs͒ after which a slower decay ͑ϳ3 ps͒ is seen. Although the radiated field is primarily half-cycle in nature, we also observe an additional small "negative" tail after the main pulse. A Fourier transform radiated field reveals a peak frequency of ϳ150 GHz with significant components from 0 up to 0.5 THz. In a single rapid ͑Ͻ2 s͒ scan an ϳ150 fs rising edge of the field is observed (equal to the experimental resolution), followed by a slower ͑ϳ1 ps͒ rise in field amplitude [see Fig. 2(a) inset] . The temporal discrepancy between the rapid and the averaged scans is due to a slow ͑Ͼ10 s͒ transverse motion of the copper wire ͑⌬z Ͻ 100 m͒, which introduces a long-term uncertainty in the optical/far-IR time delay. This motion is much less than the Rayleigh range of the optical focus and is assumed to have a negligible effect on the peak optical intensity at the target.
From the amount of optical rotation, we infer that the peak electric field produced by a 2 mJ optical pulse is ϳ0.5 kV/ cm at the ZnTe crystal. Assuming that the far-IR is radiating isotropically and taking into account reflection losses off the silicon beam splitter, this would imply that the IR field at the surface of the plasma is ϳ5 MV/ cm. Rotating the ZnTe crystal indicates that the far-IR radiation is linearly polarized, consistent with prior observations [16, 17] . We observe that the peak amplitude of the radiated field is linear with the incident laser intensity [see Fig. 2(b) ]. In contrast, the temporal dynamics do not appear to be dependent on the laser intensity. At low laser excitation we observe an activation threshold consistent with the laser field entering the strongfield regime, ϳ10 14 W/cm 2 . Changing the optical pump polarization from p polarization to s polarization did not appreciably change either the dynamics or polarization of the terahertz signal.
As noted above, two distinct driving mechanisms have been proposed for the emission of far-IR radiation from a laser driven plasma in a solid target: the ponderomotive acceleration of charges within the dense plasma and the generation of a laser-initiated photocurrent. In the photocurrent model proposed by Sagisaka et al. [17] , the magnetic field of the optical excitation pulse produces a driving force on the photoexcited electrons within the plasma. It was assumed that the electrons would be accelerated at a distance equivalent to the target size, thus producing frequency components equal to the ratio of the target size to the velocity of the electrons. In our experimental conditions, the driving optical pulse is not anticipated to have a significant magnetic field component limiting the effect of this photocurrent. At the same time, while our measured far-IR field has a peak frequency consistent with prior results, our source is a quasi-infinite continuous wire that, in principle, would allow the generated photocurrent to traverse massive distances, significantly lowering the central radiation frequency.
In contrast, the temporal dynamics of the coherent terahertz radiation may lend additional evidence to the ponderomotive model. The rising edge of the radiation indicates that the electrons are initially being accelerated on an ϳ150 fs time scale followed by several additional slower accelerations. Comparing these dynamics with published temporal measurements of hard x-ray radiation suggests a related generation mechanism. In particular, it has been estimated that the hard x-ray emission has temporal dynamics as fast as 200 fs with an additional long radiative tail [22] . In addition, the extrapolated peak electric field at the plasma surface is consistent with published electron energy distributions at these laser intensities [5] . However, the insensitivity to optical pump polarization is not predicted by the ponderomotive model and may indicate one or more radiation mechanisms. Further studies exploring spatial distribution of the far-IR radiation and its correlation to hard x-ray radiation are currently under way and should provide additional clues to the radiation mechanism.
In conclusion, we have observed for the first time (to our knowledge) the emission of coherent far-IR radiation from a laser-driven plasma in a solid target. This radiation has coherent frequency components ranging from quasi-dc to greater than 2 THz. Qualitative similarities between the observed far-IR radiation and published results of hard x-ray emission suggest a common driving mechanism, but this is not yet proven. If this correlation between x-ray and IR yield is confirmed, this method of plasma diagnostics may make it possible to indirectly measure x-ray pulse emission without the need of expensive x-ray diagnostics.
We thank Barry Walker and Tak Buma for stimulating discussions.
